Abstract The root proteome of nitrogen-efficient and nitrogen-inefficient rice cultivars was compared in this study in order to investigate the differential expression of proteins under deficient (1 mM), low (10 mM) and high (25 mM) levels of nitrogen (N). Nitrogen use efficiency (NUE) was assessed by biochemical assays such as N-uptake kinetics and activities of N-assimilation enzymes. Two-dimensional gel electrophoresis and MALDI-TOF-MS analysis resulted in the identification of 504 protein spots (210 and 294 spots in cvs. Rai Sudha and Munga Phool, respectively). A positive correlation was observed between physiological parameters and the concentration of a number of root proteins. Sixty-three spots showed a significant cultivar 9 N-treatment effect on the level of expression. Functional aspects of eleven spots with major alterations in expression over control were critically analyzed. The data suggest that glutamine synthetase, cysteine proteinase inhibitor-I, porphobilinogen deaminase (fragment) and ferritin were involved in conferring N efficiency to the N-efficient rice cultivars/genotypes. Interestingly, these proteins are involved directly or indirectly in N assimilation. Such studies should help us in identifying and understanding the structural or functional protein(s) involved in the response to the level of nitrogen fertilization.
Introduction
Nitrogen (N), an essential macronutrient for plant growth and yield, helps in increasing the production of food to feed the exponentially increasing human population. On a global basis, about 40 % of the human population relies on N fertilizer for food production (Smil 1999) . Of the cereal crops, rice is consumed by more than half of the world's population. However, it utilizes only 30-40 % of total N applied (Abrol et al. 1999 ). The unused 60-70 % nitrogen poses severe environmental as well as human health threats (Anjana and Iqbal 2007) . In such a condition, it becomes important to search for cultivars/genotypes that may have only a limited yield decline in response to N deficiency , i.e., the N-efficient cultivars/genotypes capable of yielding well even under N-deficient conditions. The N-efficiency mechanism depends upon various signal molecules present in the shoot and roots. Most of the proteomic research done so far has focused on shoots of cereal crops, though their roots also deserve attention. Roots possess specific transporters for the intake of nutrients, while leaves are the site for nitrogen assimilation. Plants take up nitrogen in the form of nitrate from the soil through transporter systems located in the roots. After uptake, nitrate (NO 3 -) is assimilated by a series of nitrate assimilatory enzymes, viz., nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS) and glutamate synthase (GOGAT). Nitrate reductase catalyzes the first step of nitrate assimilation in plants, leading to reduction of nitrate to nitrite with pyrimidine nucleotide in higher plants (Lea and Ireland 1999) . Acting as a catalyst for conversion of amino acid glutamate into amide, glutamine synthetase also has a role in controlling plant nitrogen assimilation (Hakeem et al. 2011) . The effect of nitrogen starvation on root is evident from the N-uptake rate and the total biomass accumulation. Considering two cultivars of the same crop with differential nitrogen use efficiency (NUE) should to a large extent rule out variation in the anatomy and physiological chemistry of roots.
In the recent era of genomics, genetic manipulation of key genes responsible for N uptake and assimilation is one of the basic approaches for enhancing NUE. However, our knowledge concerning gene expression and regulation of plant response to low N, so frequently met with in agricultural field conditions, is still deficient (Pathak et al. 2008) . It is essential to develop strategies for manipulating the genetic architecture of plants to improve their NUE, and also to identify the signal transduction pathways and the elements that function to regulate genes involved in N uptake and assimilation. Since signal transduction and gene regulation are based on proteins at large, it is germane to focus on protein-expression pattern. Furthermore, a research tool is needed to identify and understand the role of various proteins at a given point in time. Proteomics is a high-throughput biotechnological approach being used to understand the biological function of proteins in response to different biotic or abiotic stresses (Agarwal et al. 2002; Kim et al. 2004 ). Quantitative as well as qualitative differential expression of protein spots may help in identifying the essential molecules (enzymes) responsible for N uptake and assimilation, which may explain the cause of high N efficiency in cereal crops.
The present study screened twenty cultivars (cvs.) of rice, commonly grown in India, for their NUE, as determined by biochemical assays. Two rice cultivars, showing the maximum (cv. Rai Sudha) and minimum (cv. Munga Phool) NUE, were then grown hydroponically with three [low (1 mM), moderate (10 mM) and high (25 mM)] levels of N supply for 20 days in order to harvest their roots for proteomic studies. Twodimensional gel electrophoresis and MALDI-TOF-MS were employed for proteomic maps and protein identification, respectively. Studies aimed at identifying and understanding the proteins responding to different levels of N fertilization must help in improving NUE among crop plants.
Materials and methods

Plant material and growth conditions
Twenty accessions of rice (Oryza sativa L.) cultivars commonly grown at geographically different sites (northern and eastern parts of India) were chosen for this study. These genotypes, procured from Sher-e-Kashmir University of Agricultural Sciences and Technology (Srinagar, India), GB Pant University (Pant Nagar, India) and Gene Campaign (Ranchi, India), were designated G1-G20 (Table 1) . Seeds were washed with detergent and surface-sterilized, using 1 % sodium hypochlorite, for 10 min, followed by 10 washings with double-distilled water (DDW). These were then germinated in a fine net tied on the top of 250 ml beakers containing DDW and covered with few layers of moist cheese-cloth. Germinated seedlings of similar size (5 days old) were supplied with 250 ml of nutrient solution containing 5.6 mM K , replacing the DDW in the hydroponics culture system. The nutrient solution was aerated using aquarium air pumps, the nutrient solution being replaced every third day and continued for 20 days. The experiment was conducted with five biological replicates (10 plants per replicate). Nitrogen was supplied in the form of nitrate with three concentrations of KNO 3 [deficient (1 mM), low (10 mM) and high (25 mM), hereafter referred as T0, T1 and T2, respectively]. The growth chamber was maintained at a photosynthetic photon flux density of 430 lmol m -2 s -1 , 14/10-h light/ dark period and a relative humidity of 60 %.
Physiochemical parameters
Nitrogen efficiency
Seedlings (30 days old) from each treatment were washed, weighed and dried in a hot air oven at 65 ± 2°C for 72 h to determine biomass or dry weight (DW) accumulation. Nitrogen efficiency (NE) was calculated as follows ):
Nitrate uptake kinetics
Nitrate uptake was measured in 10-day-old seedlings in two sets of different levels of nitrate supply, viz.
(a) a high external nitrate range (10, 15, 25, 50, 75 and 100 lM KNO 3 ) and (b) a low external nitrate range (10, 15, 25, 50, 75 and 100 nM KNO 3 ) for 5 h. The nitrate uptake rates were determined from the linear regression of nitrate depleted from the solution due to uptake, which represents the net flux into the plant through roots. All ion fluxes were correlated to the fresh weight of the root tissue used during the uptake studies. Nitrate ions in these samples were measured by high-performance liquid chromatography (HPLC, Waters, USA), using 10 mm 9 250 mm analytical anion exchange column (Whatman Partisil-10 SAX), according to Hunt and Seymour (1985) . The UV detector was used at 210 nm. Sodium phosphate buffer (50 mM/pH 8) was used as eluent and the flow rate was kept at 1 ml/min with 25 ll of sample injection volume. 
In-vitro nitrate reductase activity
In-vitro nitrate reductase activity (NRA) was analyzed by the method of Ahmad and Abdin (1999) . Root samples (1 g FW) were frozen in liquid nitrogen and homogenized in 250 ml extraction medium consisting of 25 mM potassium phosphate buffer (pH 7.5). The extract was filtered through muslin cloth and then centrifuged. This crude extract was assayed for enzymatic activity. The enzyme extract and reaction mixture containing 0.5 ml of 100 lM potassium phosphate buffer pH 6.8 was incubated at 33°C for 30 min. The reaction was stopped by the addition of zinc acetate. Nitrite produced was estimated by the method of Evans and Nason (1953) at 540 nm using ultraviolet (UV)-Vis spectrophotometer (Model k-bio-20, PerkinElmer, Germany). The enzyme activity was expressed as lmol g -1 DW h -1
. The experiment was done five times for each sample with three independent extractions, carried out for each of the different assays. Mol Breeding (2013) 32:785-798 787 Glutamine synthatase activity Root tissue (1 g FW) was extracted in extraction medium (in the ratio 1:3) containing 25 mM Tris-HCl buffer (pH 7.6), 1 mM MgCl 2 , 10 mM b-mercaptoethanol and 1 mM DTT (McNally et al. 1983) . The extracts were centrifuged at 20,000g for 30 min at 4°C and the supernatant was used immediately for the glutamine synthase (GS) assay, following the method of Rhodes et al. (1975) . The reaction mixture (in a final volume of 3 ml) contained 100 lmol Tris-HCl buffer (pH 8), 10 lmol ATP, 250 lmol sodium glutamate, 100 lmol MgSO 4 , 10 lmol L-cysteine, 10 lmol hydroxylamine and enzyme extract. In order to start the reaction, hydroxylamine was added to the mixture, which was then incubated for 30 min at 30°C. Formation of c-glutamyl hydroxamate (c-GHA) was determined by adding 1 ml of ferric chloride reagent.
Absorbance was recorded at 540 nm. Enzyme activity was expressed in lmol c-GHA g -1 DW min -1 . The experiment was done five times for each sample with three independent extractions, carried out for each of the different assays.
Soluble protein content
For quantification of soluble protein, 0.5 g of fresh leaf material was homogenized in 1.5 ml of extraction buffer at 4°C. Protein content was determined according to Bradford (1976) using bovine serum albumin as a standard. The homogenate was transferred to a 2-ml tube and centrifuged at 5,000g for 10 min at 4°C. An equal amount of chilled trichloroacetic acid (TCA) (10 %) was added to the supernatant, which was again centrifuged at 3300 g for 10 min. The supernatant was discarded and the pellet was washed with acetone and then dissolved in 1 ml of 0.1 N NaOH. The absorbance was recorded at 595 nm on a UV-Vis spectrophotometer (Bio 20, PerkinElmer, Germany). The soluble protein content was calculated with the help of a standard curve of bovine albumin serum (Sigma, USA) and the content was expressed in mg g -1 DW. The experiment was done five times for each sample with three independent extractions, carried out for each of the different assays.
Proteomic study
Protein extraction from roots
Frozen samples of root were ground in a chilled mortar and pestle in liquid nitrogen and incubated overnight with chilled (-20°C) acetone solution containing 12.5 % (w/v) TCA and 0.07 % (v/v) b-mercaptoethanol (Natarajan et al. 2005) . The precipitated proteins were centrifuged to form a pellet at 12,000g along with cellular debris and washed five times, incubating with chilled acetone mixture for 1 h between each step. The last step of washing involved only acetone and overnight incubation at -20°C. The resultant was centrifuged at 6,000g for 10 min and the white pellet thus obtained was vacuum-dried, resuspended in resolubilization solution (9 M urea, 1 % CHAPS, 1 % DTT, 1 % pharmalyte), sonicated at 4°C for 5 min and mixed vigorously at room temperature for 1 h. The mixture was centrifuged 21,000g at 4°C at for 30 min. The pellet was discarded and the supernatant retained was analyzed for protein concentration, using Bradford reagent (Bradford 1976 ) and the bovine serum albumin standard curve.
2D-PAGE
Protean IEF Cells (Bio-Rad, USA) were used for isoelectric focusing (IEF) of protein in immobilized pH gradient (IPG) strips (Bio-Rad; pH 4.0-7.0, linear gradient, 11 cm). The IPG strips were rehydrated for 12 h with 250 ll rehydration buffer (8 M urea, 2 M thiourea, 2 % CHAPS, 0.5 % Pharmalyte, 0.002 % bromophenol blue) containing 350 lg proteins. The voltage programme for the IEF run was 500 V for 1 h, 1,000 V for 1 h, 2,000 V for 1 h, and 3,000 V for the rest of the time to reach a total of 35 kVh. Initially, the current was kept at 50 lA, which changed automatically with decreasing resistance. Following the IEF run, the IPG strips, containing focused protein, were treated with 1 % dithioerythritol, followed by 2.5 % indoleacetic acid for 15 min, each prepared separately in equilibration buffer consisting of 50 mM Tris-HCl pH 8.8, 6 M urea, 30 % glycerol, 2 % sodium dodecyl sulfate (SDS) and 0.002 % bromophenol blue. The two-dimensional (2D) run was performed with IPG strips on a 12.5 % acrylamide gel, using a Mini Tetrad electrophoretic unit (Bio-Rad) at 100 V. The 2D gels were stained with Coomassie Brilliant Blue (CBB G-250) stain as mentioned by Newsholme et al. (2000) . Following SDS electrophoresis, the gels were fixed overnight in 1.5 l of 50 % ethanol/3 % phosphoric acid per 10 gels and then washed three times for 30 min in 1.5 l of cold double ionized water per 10 gels. They were transferred to 1.5 l of 34 % methanol/ 17 % aluminium sulfate/3 % phosphoric acid per 10 gels for 1 h. After the addition of 1 g powdered CBB G-250 the gels were stained for 3 days to achieve equilibrium in intensity. The gels so developed were scanned and digitized using a calibrated imaging densitometer (GS 710, Bio-Rad). The pattern of protein distribution on 2D gels was compared with the help of PD-Quest software (Bio-Rad). The intensity was quantified for each spot in each gel, using Dunnett's multiple range test and taking p \ 0.05 as significant. At least three replicates (both biological as well as technical) were performed for each sample.
In-gel digestion of protein spots
Protein spots of interest were excised carefully from the 2D gels, with each spot in a separate micro-tube, and protein digestion was performed as described by Qureshi et al. (2010) . The excised gel pieces containing protein were washed with CH 3 CN:H 2 O (1:1, v/v), containing 25 mM ammonium bicarbonate, to remove the blue stain. The gel pieces were dehydrated with 100 % acetonitrile, dried under vacuum and incubated overnight at 37°C with 20 ll of 10 lg/ml porcine trypsin prepared in 20 mM ammonium bicarbonate. The resulting tryptic fragments were eluted by diffusion into CH 3 CN:H 2 O and 0.5 % trifluoroacetic acid (1:1, v/v). A sonic bath was used to facilitate the diffusion. The extract was vacuum-dried and the pellet was dissolved in CH 3 CN:H 2 O and 0.1 % trifluoroacetic acid (1:1, v/v).
Mass spectrometry
For peptide mass fingerprinting (PMF), a Voyager DE-STR MALDI-TOF mass spectrometer (Model 4800, Applied Biosystems, UK) operating in positive ion reflector mode was used to analyze the tryptic peptides. Samples were co-crystallized with a-cyanohydroxycinnamic acid (CHCA) matrix, and spectra were acquired with 400 shots of a 337 nm nitrogen laser operating at 20 Hz. The spectra were calibrated using the trypsin autolysis peaks at m/z 842.51 and 2.211.10 as internal standards. The raw data were processed by Sequest to generate DTA files for database searching. The 'merge pl' script from Matrix Science was used to convert multiple Sequest DTA files into a single Mascot generic file suitable for searching in Mascot.
PMF data analysis
Protein identification was performed using the Mascot search engine (http://www.matrixscience.com), which uses a probability-based scoring system (Perkins et al. 1999) . NCBI non-redundant and SwissProt databases were selected as the primary databases to be searched for protein sequence matches from the Viridiplantae taxon. The parameters for database search with MALDI-TOF PMF data and with MS/MS spectra were set as previously (Song et al. 2007 ). For MALDI-TOF-MS data to qualify as a positive identification, a protein's score had to equal or exceed the minimum significant score (95 % significance threshold; p C 0.05) of 64 for NCBInr or 55 for SwissProt database searching.
Statistical analysis
Values are expressed as mean ± SEM. Differences between treatments were analyzed by one-way ANOVA, taking p \ 0.05 as significant, according to Dunnett's multiple range test.
Results and discussion
Growth and physiological parameters
In the present study, rice plants were grown hydroponically. Whilst it is recognized that this will have some effect on protein expression, so altering the proteome, this limitation is considered to be acceptable (Conn et al. 2013; Hakeem et al. 2012a, b; Khan et al. 2013; Peng et al. 2009; Wang et al. 2012) . Nitrogen availability can be more tightly controlled when delivered in a hydroponic medium and, importantly, it prevents the roots from being damaged when harvested; such damage would also effect the proteome, particularly stress response genes. The 20 rice cultivars screened for their nitrogen efficiency (NE) exhibited a huge difference in NE (30-95.7 % at T1 = 10 mM and 38.53-93.5 % at T2 = 25 mM respectively) ( Table 1 ). The NE calculated on the basis of dry weight of the whole shoot is frequently used to assess genotypic variation in tolerance to nutrient deficiency (Ahmad et al. 2005; Fageria and Baligar 2005; Chandna et al. 2010) . Considering the whole shoot growth, tolerance to N deficiency (relative growth) was determined with the help of the calculated NE. On the basis of differential NE of rice cultivars, these cultivars were grouped into Low Nitrogen Efficient (LNE), Moderate Nitrogen Efficient (MNE) and High Nitrogen Efficient (HNE) categories. Cv. Rai Sudha was thus identified as a highly N-use-efficient cultivar (HNE), while cv. Munga Phool was identified as the most N-useinefficient cultivar (LNE) of rice (Table 1) .
In Rai Sudha, increase in the level of N treatment (10 and 25 mM) did not affect its NR and GS activities (Tables 2, 3) or its soluble protein content (Supplemental Table 4 ). On the other hand, in Munga Phool, the NR and GS activities as well as the soluble protein content increased significantly with increase in N treatment. The NR activity of Munga Phool showed a significant increase of 54 % with T1 (10 mM N treatment), and of 80 % with T2 (25 mM N treatment). NR could play an indirect role in the absorption of nitrate, regulating the levels of nitrate and amino acids in root cells. Since nitrate induces nitrate reductase, the rate of nitrate uptake to the site of induction is the main controlling factor for NR activity. In our experiment, the pattern of nitrate uptake by roots as well as the nitrate and nitrogen contents in roots coincided with the pattern of NR activity. The difference in NR activity was possibly connected to differences in the contents of nitrate ions in the tissue. GS activity in Munga Phool increased by 92 % with T1 and 169 % with T2, in comparison to T0 (1 mM N). It was the maximum in HNE cultivars at T0. However, no significant effect was observed with increase in N supply, showing that HNE genotypes were able to utilize the absorbed N and thus grow well at low N. The MNE cultivars showed increase in GS activity with increase in N supply at T1. With further increase in N supply i.e., at T2 (25 mM), no significant change was observed. In the LNE cultivars, a significant increase in GS activity was noted with increase in N supply (Table 3) . Previous studies have revealed that in the LNE genotypes a substantial portion of N is not re-translocated to harvested structures and the GS activity in leaves is lower than in the HNE genotypes (Habash et al. 2001; Masclaux et al. 2001) . Hence, the ability of the HNE genotypes to harvest more N and redistribute it to grains is due to their well-coordinated system of N uptake and assimilation. In LNE cultivars, GS activity was sufficiently high to maintain a low level of ammonium in leaf tissues irrespective of the external N supply (Cao et al. 2008) ; this explains the increase in activity of GS with increase in N supply. There was a significant effect of 10 and 25 mM levels of N on the nitrogen content of Munga Phool. An increase of 85 and 152 % was caused by the supply of 10 mM and 25 mM N respectively, as compared with T0 (1 mM N). The increase was 68 % with T2 over T1. The N content of both the cultivars remained unaffected by the high N levels, compared with the control (Supplemental Table 5 ).
Since it is the final product that demonstrates the efficiency of any system, we estimated the soluble protein content of different cultivars to determine the efficiency of their N cycle. In the LNE cultivars (Munga Phool), a significant increase in protein content was observed with both T1 (10 mM N) and T2 (25 mM N), in comparison with T0 (Supplemental Table 4 ). However, these treatments did not affect the soluble protein content of HNE cultivars. Bahrman et al. (2005) determined the differential changes in root-protein patterns in two winter varieties of wheat under high and low N nutrition levels. Smith (1980) found a decline in the protein content of cultured tobacco cells due to N starvation. In our study, the soluble protein content was significantly less in roots than in leaves in all the cultivars with all the N treatments (Hakeem et al. 2011 ).
Root uptake kinetics
The amount of nitrate depleted from the nutrient solutions was taken to represent the nitrate uptake. The K m value, ranging from 0.0075 to 0.052 mM, was the lowest in cv. Rai Sudha and highest in cv. Munga Phool. In contrast, the V max values (0.8-4.8 lmol [g root FW]
-1 min -1 ) were minimum in Munga Phool and maximum in Rai Sudha (Supplemental Table 6 ). Studies on the kinetic and energetic aspects of nitrate uptake are confined mostly to low-concentration systems. In the low concentration range, the net nitrate uptake rate normally obeys Michaelis-Menten kinetics (Clarkson 1985) . As for the kinetic parameters V max and K m , it is rather difficult to relate the magnitude of cultivar difference to the performance under nutrient-limiting conditions. In the present study, the K m values of the twenty cultivars varied from 0.0075 to 0.052 mM, showing similarity with other species ranging from 0.007 to 0.187 mM (Goyal and Huffaker 1986; Aslam et al. 1992; Carezo et al. 1997) . Woodend et al. (1986) observed a 4-fold difference of apparent K m among eight wheat varieties studied. A K m value of 7.5 mM has been reported for excised corn root (Neyra and Hageman 1976) . Variations in K m values can possibly be explained on the basis of endogenous nitrate levels of plants, molybdenum (Mo) status of roots, and intensive breeding of certain species for high nitrogen response. Moreover, since nitrate efflux by roots is affected by their nitrate content, factors that affect nitrate reduction during plant growth should also affect the net nitrate uptake rate and its K m .
V max (i.e., the capacity of the saturable component of the uptake system) also varied significantly among the twenty rice genotypes. The values ranged from 0.8 to 4.8 lmol [g root FW]
-1 min -1 . Barley cultivars have shown significant variation in net nitrate uptake rate, which was greater among accessions than among species (Bloom 1985) . Inter-genotype variation in the quantity (number) of transport molecules per unit of the absorbing cell membrane possibly provides a theoretical explanation for differences in V max (Pace and McClure 1986) .
Proteomics study
The rice root protein pattern obtained by 2D gel electrophoresis depicted 210 spots in cv. Rai Sudha and 294 spots in cv. Munga Phool grown under different N treatments. The intensity of 63 protein spots changed markedly in both the genotypes by N treatments (T1 and T2), by comparison to T0. Nineteen spots (nine in Rai Sudha and ten in Munga Phool) showed variations, whereas 13 spots (four in Rai Sudha and nine in Munga Phool) remained unaffected by the N treatment. The variation of protein-spot intensity due to N nutrition level of the two cultivars is presented in Supplemental Table 7 . Our observations conform to those of Bahrman et al. (2005) on wheat varieties. We analyzed a total of 84 protein spots quantitatively as well as qualitatively. Forty-three spots were identified through Mascot analysis and eleven of them were critically analyzed for functional aspects (Fig. 1) . Most of the spots were related to metabolism and stress responses (60 %) (Supplemental Table 8 ), suggesting that N levels directly influence the different metabolic pathways of a plant. A significant cultivar 9 treatment interaction was found for nitrate concentration with both Rai Sudha and Munga Phool at low N level. Among the identified root spots in Rai Sudha, the intensity of nine spots (1, 2, 3, 4, 5, 7, 8, 10 and 11) increased with increase in the N applied. Spot 9 showed increased intensity at T1 by comparison with T0, but the intensity again decreased at T2. However, one spot (6) did not show any change with increasing levels of N (Fig. 2) . Figure 2 shows the expression level of 11 protein spots from root-map gels of Rai Sudha and Munga Phool, which were successfully identified by MALDI-TOF or MS/MS analysis and Mascot search, and whose expression was altered differentially at different N levels. At T0 (1 mM N), the expression level of all the 11 spots was highly variability among cultivars. Spots 3, 6, 10 and 11 were more highly expressed in Rai Sudha than in Munga Phool, whereas the rest were more significant in Munga Phool than in Rai Sudha. At T1 (10 mM N), the expression level of all the protein spots in Rai Sudha was significantly increased. On the whole, a 2-5-fold increase in expression was observed in Rai Sudha at T1, in comparison with T0.
In Munga Phool, spots 2, 6, 9, 10 and 11 showed increased levels of expression at T1, but spots 1, 5 and 8 were under-expressed with reference to T0. A few spots, such as 3, 4 and 7, did not show any significant change. At T2 the increased level of spot expression continued in Rai Sudha, except for spots 2, 5, 6 and 10, which showed no significant increase in their intensity with reference to T1. In Munga Phool, the expression level decreased at T2 with reference to T1 for all the spots except 8, 9 and 11. Of the two genotypes, Rai Sudha showed a greater level of spot expression than Munga Phool at T1 (except for spot 9) and T2 (except for spots 8 and 9), in comparison with T0. The differential expression of the identified spots is discussed below in relation to various metabolic processes.
Energy metabolism
Glycolysis and gluconeogenesis
The metabolism of carbon-and nitrogen-containing compounds is fundamental to all forms of life. Spot 4 was similar to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a tetrameric NAD-binding enzyme. Its expression was higher in LNE (Munga Phool) than in HNE (Rai Sudha) cultivar at T0 and T1. The condition was reversed at T2, where N treatments, in fact, enhanced the expression of this protein in Rai Sudha but reduced it in Munga Phool. Increase in the gene expression of GAPDH under increased nitrate supply has been reported earlier in Lycopersium esculentum roots (Wang et al. 2001; Wang et al. 2004) and Triticum aestivum grains (Flaete et al. 2005) .
ATP synthesis
Spot 7 has been identified as a component of ATP synthase (alpha subunit), a key enzyme in oxidative phosphorylation in the photosynthesis pathway, located in chloroplasts and encoded by the chloroplast genome. It catalyzes synthesis of ATP from ADP during energy production in living beings (Wang et al. 2004) . Its expression increased in Rai Sudha and decreased in Munga Phool in response to N at T2. This protein has also been identified in rice seedlings in response to different N levels (Kim et al. 2009 ), in drought-stressed maritime pine needles (Costa et al. 1998) and in low-oxygen-stressed maize roots (Huang et al. 2002) . Nitrogen nutrition initiates the respiratory chain and enables ATP synthase to produce ATP for energy production (Lea and Ireland 1999) . Spot 6 was similar to cytochrome c, a small heme protein loosely associated with the inner membranes of mitochondria as a component of the electrontransport chain. It is also involved in the initiation of apoptosis as it binds to apoptotic protease-activating factor in cytoplasm. Expression of this protein spot increased in the HNE rice genotype with increase in N treatments. In the LNE genotype, its expression Mol Breeding (2013) 32:785-798 793 increased with T1 (10 mM N), but decreased with T2 (25 mM N).
Nitrogen metabolism
Spot 8 resembles glutamine synthetase (GS) enzyme, a key enzyme in nitrogen metabolism (Crawford 1995; Hakeem et al. 2011) . In higher plants, inorganic N from the soil is converted into organic N by glutamine synthetase and glutamate synthase. GS catalyzes the ATP-dependent condensation of NH 4 ? with glutamate (Glu) to yield glutamine (Gln); GOGAT transfers the amide group of Gln to a-ketoglutarate (2-OG) to produce Glu (Cai et al. 2009 ). An individual N atom can pass through the GS reaction many times (Hirel Fig. 1 Differential changes in root proteomic profile of rice cultivars Rai Sudha (N-efficient genotype) and Munga Phool (N-inefficient) exposed to low (T1, 10 mM N) and high (T2, 25 mM N) N treatments for 20 days. Proteins were extracted from roots, separated by 2D-PAGE and stained by CBB. Following scanning, the gel patterns were analyzed using PDQuest software. Numbered spots (differentially expressed) were selected for MS. Areas of gels with significant differential expression are shown. Intensity was quantified for each spot in each gel, using Dunnett's multiple range test and taking p \ 0.05 as significant. The arrows indicate the proteins of interest selected for identification and discussion b and Lea 2001) during its uptake from the soil, assimilation and remobilization prior to final deposition in a seed storage protein. In the root of Rai Sudha, the expression level of this spot increased significantly both at T1 and T2, while in Munga Phool it showed a 3-fold increase at T2 but a non-significant change at T1, with reference to T0. Studies on maize ) and wheat (Kichey et al. 2006 ) have suggested that GS activity is representative of the plant's N status. Studies have shown that a substantial portion of N is not retranslocated to the harvested structures in the LNE cultivars and the GS activity in roots is lower than in the HNE cultivars (Fageria and Baligar 2005) . The ability of the HNE cultivars to harvest more N and redistribute it to grains is due to their well-coordinated system of N uptake and assimilation. In LNE cultivars, GS activity was sufficiently high to maintain a low level of ammonium in leaf tissues irrespective of the external N supply (Habash et al. 2001) ; this explains the increase in activity of GS with increase in N supply.
Spot 11 has been identified as a porphobilinogen (PBG) deaminase. Its expression was upregulated in the HNE rice cultivar and down-regulated in the LNE cultivar with increase in N treatments. It catalyzes polymerization of four PBG monopyrrole units into the linear tetrapyrrole hydroxymethylbilane, leading to tetrapyrrole biosynthesis. The siroheme class of tetrapyrroles is a prosthetic group of nitrite and sulfite reductases, playing a central role in N and S assimilation, respectively. The role of siroheme in nitrite reductase is indicative of its significance for N assimilation in the biosphere; N assimilation increases the competition for ferrous ions under the inadequacy of siroheme. High expression of PBG deaminase in the HNE genotype under N treatments may be because this genotype contains adequate amounts of nitrate reductase and nitrite reductase required for efficient N assimilation.
Spot 2 of the root was identified as carbonic anhydrase (carbonate dehydratase), a family of zinccontaining enzymes that catalyze interconversion of CO 2 and water into carbonic acid, protons and bicarbonate ions. Du Hyun et al. (2009) also identified this enzyme in response to low N supply to rice. Its expression increased significantly with N treatments in the HNE cultivar. However, in the LNE cultivar, the increase was significant at T1 only.
Sulfur metabolism
Spot 10 was similar to cysteine proteinase inhibitor-1 of the pyridoxal-phosphate-dependent enzyme family (EC 4.2.99.8) . This enzyme has a role in cysteine biosynthesis, a key limiting step in the production of glutathione, which is a thiol implicated in resistance to environmental stresses. Its expression increased in the HNE genotype but declined significantly in the LNE genotype with increase in N treatments (both at T1 and T2). This shows an interaction between the cultivars and the N treatment levels, indicating the importance of N nutrition for sulfur assimilation (Grove et al. 2009 ). Constructive effects of N and S interaction on leaf area index, rate of photosynthesis and biomass production have also been observed (Qian and Schoenau 2007) .
Putative disease-resistance response protein (spot 9) is among the defence-related proteins identified. Oxidative defence system Spot 5 corresponds to quinone oxidoreductase, a flavoprotein involved in electron-transport system. Generation of reactive oxygen species (ROS) by the mitochondrial electron-transport chain (ETC) is believed to be important in energy-generating processes. It might be involved in maintaining plant quinines in a reduced state in the cell. The quinone/ quinol equilibrium may function in cells as a means of modulating the secondary metabolism, host-parasite interactions and growth-regulating mechanisms (Spitsberg and Coscia 2005) . Quinone oxidoreductase protein protects cells against oxidative stress and toxic quinines. Increase in its expression with increase in N supply in the HNE genotype suggests its importance in sensing and counteracting the oxidative stress generated via the increased photorespiration and energygeneration mechanisms. However, its expression level decreased at both T1 and T2, with reference to T0.
Iron homeostasis
Spot 3 resembles an iron-storage protein (ferritin), possessing the eukaryotic ferritin domain. It has been shown that by introducing a soybean ferritin gene into rice, transgenic rice seeds stored three times more iron than the normal seeds (Goto et al. 1999; Qureshi et al. 2007 ). The expression level of this protein was lower at T0 in the HNE (Rai Sudha) than in the LNE (Munga Phool) cultivars. Surprisingly, it is one of the few proteins shown to decrease heavily under low N conditions in the HNE genotypes, suggesting its regulation by the availability of N in the system. It may therefore serve as one of the important marker proteins for selecting N-efficient rice cultivars.
Spot 1 is a putative myb-related protein, with a function in DNA binding. Its expression level increased at high N levels, but declined subsequently with further elevation of N.
From the results discussed above, the resemblances observed in spots 3, 8 and 10 were on the basis of the peptide mass fingerprinting account followed by a query match through Mascot search. The MW/pI ratio report confirms their resemblance. However, for any given protein spot resemblance, there may be several isoforms present or indeed other proteins, which needs to be confirmed in future studies.
Conclusions
The present study provides information for interpreting a physiology-based selection of N-related genotypes on the basis of proteomic results, with the aim of unravelling the molecular differences in rice root tissue grown under low, medium and high N supply. Comparative proteomics among genotypes for low N response is necessary for precise identification of potential key enzymes, which will lead to a better understanding of N-uptake and assimilation process in cereal crops. This will assist breeders in screening N-efficient cultivars and help in understanding how rice adapts to low N availability.
